The venoms of the social wasps evolved to be used as defensive tools to protect the colonies of these insects against the attacks of predators. Previous studies estimated the presence of a dozen peptide components in the venoms of each species of these insects, which altogether comprise up to 70% of the weight of freeze-dried venoms. In the present study, an optimized experimental protocol is reported that utilizes liquid chromatography coupled to electrospray ionization mass spectrometry for the detection of peptides in the venom of the social wasp Polybia paulista; peptide profiles for both intra-and intercolonial comparisons were obtained using this protocol. The results of our study revealed a surprisingly high level of intra-and inter-colonial variability for the same wasp species. We detected 78-108 different peptides in the venom of different colonies of P. paulista in the molar mass range from 400 to 3000 Da; among those, only 36 and 44 common peptides were observed in the inter-and intra-colony comparisons, respectively.
Introduction
The evolution of venoms and their injection apparatus among Insecta represents an evolutionary trend that contributed to their adaptation to many different terrestrial environments. As predators, the stinging wasps have evolved to use their venoms as a chemical weapon for both the defense of their colony and for capturing prey [3] .
The venoms of wasps are complex mixtures of biologically active compounds, such as low molecular mass compounds, peptides, and proteins [14, 18] . Different types of inflammatory peptides are reported in these venoms, including mastoparans [7] , protonectinlike peptides, chemotactic peptides, and wasp kinins [6] .
Recent studies have demonstrated the analytical capabilities of various mass spectrometry approaches in the detection and identification of compounds present in very low concentrations in animal venoms [6] . A combination of techniques such as high-performance liquid chromatography (HPLC) and mass spectrometry contributed to the discovery of many components of animal venoms [10, 11, 17, 21] . Venom profiling constitutes the basic approach in global venom exploration by mass spectrometry. A venom profiling data set generated with or without chromatographic separation provides a global picture of the venom showing both its complexity and an overview of the molecular nature of the venom components [11] .
The conventional experimental approaches, such as large-scale fractionation techniques with off-line fraction collection, simply concentrate the most abundant components and do not account for the presence of minor constituents. Research involving proteomics and peptidomics using advanced techniques such as LC-ESI-MS and nano-ESI-MS/MS allows for a rapid and sensitive identification and characterization of proteins and peptides with high efficiency. Snake venoms are known to contain approximately 100 different peptide components [2] , while venoms of scorpions, spiders, and marine snails of the genus Conus have been shown to contain between 300 and 1000 different components [1, 5, 12, 19] .
Differences in the number and composition of the peptide components in animal venoms have been reported for snails [15, 25] , spiders [12, 31] and scorpions [11, 13, 24] . The origin of these differences may be multi-factorial, including differential processing of the zymogens, differential gene expression, genetic polymorphism, and altered post-translational processing. The chemical diversity of peptides from the Hymenoptera venoms is currently poorly understood; in the venom of the social wasp Polybia paulista as example, only six peptides are structurally and functionally known: the mastoparans Polybia-MP-I and -II, that are known to induce mast cell degranulation [7] [8] [9] ; the Polybines-I and -II that are N-terminally acetylated peptides involved with a series of inflammatory actions [22] ; the Polybia-CP, that is a chemotactic peptide for polymorphonucleated leukocytes [7, 9, 29] , and the peptide presenting a disulfide bridge, that promotes insulin secretion from ␤-cells [20] . Hence, to shed some light on the subject, peptide diversity of the venom toxins from the social wasp P. paulista was investigated in our lab. Wasp workers were collected from same nest at different seasons (intra-nest study), as well from different nests in the same season (inter-nest study), and samples were characterized using an optimized LC-ESI-MS protocol. 
Material and methods

Venom extraction and sample preparation
For inter-nest comparisons, wasps were collected from three different nests at the spring time. The nests were geo-referenced and found to be located in Rio Claro-SP/Brazil as follows: sample A, 22 • The venom reservoirs of 30 social wasp workers of P. paulista (Hymenoptera, Vespidae) were manually extracted from each nest using microsurgical forceps. Once surgically removed, the venom reservoirs were depressed using a glass rod with a rounded tip in the presence of a solution of 50% (v/v) acetonitrile (Mallinckrodt) in bi-distilled water, containing 0.1% (v/v) trifluoroacetic acid and a cocktail of proteinase inhibitors (SIGMAFAST Protease Inhibitor Cocktail Tablets). Next, the collected material was centrifuged at 10,000 × g for 10 min at 4 • C in a micro-centrifuge MSE (SANYO); this procedure was repeated two more times. The supernatant was filtered through ethyl cellulose membrane filter disks (0.45 m pores) (Millipore), lyophilized (HETO, model MLW.
LGA 05), and kept at −20 • C until use.
LC/MS and MS n analysis
Liquid chromatography and electrospray ionization mass spectrometry experiments were performed on a LC-IT-ToF Mass Spectrometer (Shimadzu). The chromatographic system consisted of a LC-20AD binary pump, DGU-14A degasser, SIL-20A HT autosampler, and a CTO-20A column oven. The system was equipped with a XBrigde TM BEH300 C18 column 3.5 m 2.1 mm × 100 mm (waters), pore size 120Å, which was run at 40 • C. An optimized sample amount used in all analyses was adjusted to equal 40 g of the venom extract. The mobile phase, delivered at 0.2 mL/min, consisted of bi-distilled water containing 0.05% (v/v) trifluoroacetic acid (solvent A), and 95% (v/v) acetonitrile in water containing 0.05% (v/v) trifluoroacetic acid (solvent B). The 90 min elution was performed using a gradient from 5% to 95% of solvent B; the elution was monitored by the light absorption at 214 nm. The mass spectrometer was equipped with an ESI source in a positive ion mode. The mass spectrometric analysis conditions were as follows: detector voltage was adjusted to 1.70 kV; the curved desolvation line (CDL) temperature was set at 200 • C, while the temperature of the heat block temperature was 200 • C; the nebulizing gas (N 2 ) flow was adjusted to 1.5 L/min, and the flow of drying gas (N 2 ) was set at 100 L/h. Accurate mass determination was corrected by a calibration using the sodium trifluoroacetate clusters as reference. Mass spectra were acquired over the range of m/z 50-3000 in the positive mode using LCMS solution software v.3.6 (Shimadzu Co.). Using the command "Mass Table" , the mass spectra were acquired and transferred to an Excel spreadsheet (Microsoft Office 2010) and then used to manually deconvolute multiply charged peaks to obtain the masses for the peptides eluting between m/z 400 and 3000. All the peaks of m/z values presenting signal to noise relationship (S/N) ≥ 10 were considered in the analysis. A mass list was created with the software LC solution; all similar masses were manually checked to confirm the identification and/or to distinguish the isobaric peptide components. In each sample injection, the occurrence of different peptide masses was considered within the time window of 1 min; in this study, the components with reconstructed mass matches smaller than 0.5 Da and retention times smaller than 1 min were considered as identical peptides. The presence of carryover peptides was checked by the analysis of a blank run between each chromatographic run; each venom sample was run in triplicate. Graphs were constructed using Microsoft Excel 2010 and Corel software.
Results
The colonies of social wasps are basically constituted of some queens, and thousands of workers (non-reproductive females that gather food and protect the colony). Amongst the social Hymenoptera males do not produce venom, therefore only workers' venoms was investigated.
Social wasps are extremely aggressive insects, that do not permit any manipulation, i.e., are absolutely wild; therefore, the colonies cannot be handled to synchronize the emergence, and do not permit the selective production of queens (like is done for honeybees). It is known that the workers have a life span of about 35-40 days, and due to the impossibility to handle the colonies, becomes very difficult the identification of the just-born individual, followed by their labeling with an appropriated ink to permit follow then until and specific age, when they could be collected. The way to know grossly workers' age is the daily collection since their emergence and making the microscopic analysis of their wings wearing as function of time, which is very laborious, time consuming and the results is not very reliable. Thus, it was not studied the effect of insects' age in peptide diversity of their venom.
The initial analysis of peptide diversity between three different nests of P. paulista (inter-colony comparison) showed that even though all the nests were located in the same ecological region, there were sufficient environmental differences to explain the results. In the second part of the study, a comparison of the venom peptide profiles between the venom samples collected from the wasps of the same nest at different seasons of the year was performed.
The venom sample components were distributed over the molar mass range of 400-3000 Da and together accounted for up to 70% of the dry weight of the venom; our analysis allowed us to obtain venom profiles for different samples. The mass spectrometric analysis were performed using ESI as ionization source both in the positive and negative acquisition mode; however, considering that the peptide fraction of this venom is constituted exclusively of polycationic components, only the data obtained in the positive mode were presented in this publication, which resulted in much more intense peaks than the data got in the negative mode.
The total ion chromatogram of the crude venoms extracted from three different nests of P. paulista (Fig. 1) revealed a surprisingly high level of inter-and intra-nest variation and allowed the detection of many peptides in the venom. In the mass spectrometric analysis for inter-nest comparison at the level of the monoisotopic mass (±0.1 Da) and with a retention window of 1 min, were detected a total of 179 different peptides, with 108 peptides in nest A, 92 in nest B, and 98 in nest C. Fig. 1A -C show the reconstructed masses of each peptide (represented by different symbols) for the samples collected in the spring. Despite the similarity in the UV chromatographic profiles (Fig. 1A-C) , it was possible to detect numerous peptide mass differences. The overlap of peptide masses according to the elution time for the venom samples from the three different nests is shown in Fig. 2 .
The molecular mass distribution of the peptides from different nests of P. paulista is shown in Fig. 3 (nests A-C, respectively) . It was already known that the peptides comprised in mass range of 1200 and 1800 Da contain mixtures of known peptides as the mastoparans Polybia-MP-I [7, 8, 29] and Polybia MP-II [9, 23] , the Polybines-I and-II [22] , the chemotactic peptide for polymorphonucleated leukocytes Polybia-CP [7, 29] , as well as unknown peptides, while the cluster of 2000-2900 Da corresponds to the disulfide bond-containing peptides, like the silverin-like components [20, 29] , amongst other unknown ones.
A search across the chromatographic profiles in the last cluster identified a number of peptides showing an increase of 2 Da in their molecular mass after the reaction with DTT, which corresponds to the reduction of one disulfide bridge (results not shown). Considering the relatively small number of peptides with known sequences in the P. paulista venom, the results presented above demonstrate that there are many novel peptides identified in these clusters. The detailed detection of all peptides presenting S/N ≥ 10 in each time window of 1 min in the total ion chromatograms (TICs) for the inter-nest analysis are shown in Table S1 (Supplementary data), and these data were used to make the inter-nest comparison as a Venn diagram (Fig. 7) showing a total of 179 peptides identified in the P. paulista venoms, with 36 peptides common among the samples from the three nests (A, B and C), which corresponds to 20% of the total. It could also be observed from this Venn diagram that 45, 19, and 32 unique peptides were found in the venom samples from nests A, B and C, respectively. At the same time, nests A and B shared 17 common peptides; nests A and C shared 10; and nests B and C shared 20 common peptides.
The total ion chromatograms for the intra-nest analysis (samples D1-D3) are shown in Fig. 4 ; the overlap of the masses and the retention times in these analyses is shown in Fig. 5 , where the peptides from sample D1 are represented by triangles, sample D2 by squares, and sample D3 by dots. This analysis revealed that 94 different peptides were detected in sample D1, 95 in sample D2, and 78 in sample D3 (Fig. 4A-C) .
The distribution of the mass differences is presented in Fig. 6 (A-C, corresponding to samples D1-D3). The peptides detection are broken down to 100 Da intervals; the cumulative number of peptide masses over time (binned in 1 min intervals) is displayed as a black line. The analysis of the samples (D1-D3) also showed a multimodal distribution of the obtained masses, similarly to that already described above for the inter-nest analysis.
As found in the inter-nest analysis, there appear to be many novel peptides identified in the peptide clusters derived from sample D, given the relatively small number of peptides with known sequences in the P. paulista venom. Similarly to the strategy used described above for the inter-nest analysis, the detailed detection of all peptides presenting S/N ≥ 10 in each time window of 1 min in the total ion chromatograms (TICs) of the intra-nest analysis are shown in Table S2 (Supplementary data). A Venn diagram of the peptides identified in the intra-nest comparisons (Fig. 7) shows the total number of 146 different peptides, with only 44 common components across the three samples (D1-D3), which represents 30% of the total. Samples D1 and D2 share 18 common peptides; samples D2 and D3 share 8 common peptides; and samples D1 and D3 share 7 common peptides. At the same time, 69 unique peptides were detected in this analysis, with 25, 25, and 19 unique peptides found in samples D1, D2, and D3, respectively.
A few peaks in the total ion chromatograms both of inter-and intra-nest analysis (Figs. 1A-C and 4A-C) do not presented any molecular masses associated to them because they correspond to non-peptide compounds presenting masses lower than 400 Da.
Discussion
Despite the fact that peptides constitute approximately 70% of the venom content of the social wasp P. paulista, only a few venom peptides have been sequenced and biochemically characterized to date; they include the mastoparans Polybia-MP-I and MP-II, Polybine-I and -II, Polybia-CP and the silverin-like peptide containing a disulfide bridge [7] [8] [9] 22, 23, 29] . Based on the analysis of the molecular masses and retention times of the compounds present in different samples in this study, we revealed the richness of the peptide composition of the venom of P. paulista. Taking into account that the venom was extracted in the presence of a cocktail of proteinase inhibitors, the richness of peptides observed in the present study probably is not related to artifacts of sample manipulation in the presence of endogenous proteases of wasp venom.
The results reported above clearly showed higher (albeit small) peptide variability between the venoms from three different nests compared with the intra-nest variability. In total, 179 different peptides were detected in the inter-nest comparison vs. 146 peptides in the intra-nest analysis. Only 20% and 30% of all peptides were commonly observed in the inter-nest and intra-nest analyses, respectively. In either case, the variability of peptide composition was high in both comparisons, even when the same colony of wasps was monitored seasonally (the intra-nest comparison). A careful observation of the data presented in Tables S1 and S2 (supplementary data) reveals that in general the magnitude of the relative intensity of the same peptide component is maintained for the most components in all the samples; however, sometimes the same component was detected with relative intensity differences higher than 10 times-fold from one sample to another, reflecting very different levels of expression from one colony to another, or even between different samples within the same colony, at different time seasons of year.
To understand the reasons behind these observations, it is important to consider the reproductive behavior of the eusocial vespids such as P. paulista. The colonies of these species possess several queens, who mate individually with different numbers of males [16, 30] . As a result, the sperm from different males ends up mixed within the spermatheca in unknown proportions and is used continuously over the life span of each queen. In this case, some paternal genotypes may be responsible for the most fertilization during some periods, while other genotypes are used mostly at another time [4, 26] . Let us consider the following factors: (i) the social wasp P. paulista lives in polygynic colonies, i.e., it frequently recruits young queens; (ii) the life span of the queens from the social neotropical Polybiinae may last up to one year; and (iii) the queens are continuously egg laying [26] . Thus, it is possible to assume that there always will be several fertilized queens laying eggs, introducing new genotypes into the colony. It appears that a relatively large genetic variability introduced by this reproductive behavior is beneficial to the wasp society and seems to be responsible for the significant peptide polymorphism observed in both the inter-and intra-nest comparisons. Considering the large number of vertebrate predators of social wasps and that the venom of social insects is used only for defensive purposes [20] , the existence of a large library of natural peptides in the venom from the workers of each colony makes the defensive arsenal represented by these toxins extremely important. The polymorphism helps to create novel toxins with different potencies and selectivity, thus widening the spectrum of predators against which these toxins may be effective.
The proteomic composition of the venom of P. paulista was characterized using a combination of classical biochemical approaches, 2D-SDS-PAGE, and mass spectrometry [27, 28] . Despite the power of this method, only individual characterizations of a few peptides from P. paulista venom have been achieved previously. To our knowledge, the present study is the first to reveal the complexity of the peptide composition of the venom of a social wasp.
Conclusion
The present study showed that the chemical diversity of the venom of the social wasp, P. paulista, is very rich, and its potential remains to be explored. With respect to P. paulista, the six peptides known prior to this study represent less than 3% of the total number of peptides detected in our study. Considering the occurrence of the five known peptides in P. paulista by another perspective the mastoparans individually represent from 0.7% to 1.2% of the dry mass of crude venom, while the polybines and chemotactic peptide individually represent about 0.5% and the peptide presenting disulfide bond represent about 0.3% of the dry crude venom. This means that the use of highly sensitive analytical techniques, such as the combination of high-performance LC protocols with mass spectrometry, may pave the way for detecting and sequencing many novel peptides from Hymenoptera venoms.
